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Abstract. Riparian forests are in a unique position in the landscape since they form 
a transition between uplands and aquatic systems. These ecosystems may be highly sus-
ceptible to nitrogen (N) saturation since they may be subject to high inputs of N from 
upland areas. We measured potential net N mineralization and nitrification, soil inorganic 
N levels, microbial biomass carbon (C) and N content, and the N content of litter as 
indicators of N saturation in two riparian zones on the eastern and western sides of a 
stream. The sites had similar soils, vegetation, and hydrology, but differing upland land 
use. The eastern or "enriched" site was downgradient of a dense residential housing de-
velopment (built in the 1950s) that produced high groundwater nitrate (N03 -) concentra-
tions. The western or "control" site had an undeveloped upland. Our objectives were (1) 
to evaluate if groundwater N03 - loading had induced changes in surface soil N-cycle 
processes that are symptoms of N saturation in the enriched site and (2) to evaluate these 
changes in relation to inputs and outputs ofN to the site. Soil inorganic-N levels, litter N 
content, and potential net N mineralization and nitrification were significantly higher on 
the enriched site relative to the control site, suggesting that the enriched site was N saturated. 
However, input-output analysis indicated that the enriched site was still a sink for upland-
derived N03-. High rates of denitrification and storage ofN in soil organic matter appear 
to moderate N saturation on the enriched site. 
Key words: denitrification; forest nutrient cycling; groundwater nitrate; microbial biomass; min-
eralization; nitrification; nitrogen saturation; riparian forests; wetlands. 
INTRODUCTION 
Nitrogen (N) is generally considered to be the pri-
mary factor limiting production in forest ecosystems 
(Vitousek and Howarth 1991 ). However, some studies 
suggest that forest systems have been receiving N ad-
ditions in excess of their needs and that losses of N 
from these systems are occurring (Friedland et al. 1984, 
Nihlgard 1985, Rascher et al. 1987). Nitrogen "satu-
ration" has been defined as the availability of am-
monium (NH4 +) and nitrate (N03 -) in excess of the 
demand for plant and microbial nutrition (Aber et al. 
1989). An ecosystem that is saturated with N will not 
retain N from external sources. 
Symptoms of N saturation that may be seen in an 
ecosystem include increased rates of nitrification in 
soils, increased N leaching to groundwater, lowered 
resistance of plants to pests and pathogens, increased 
frost damage, and species composition changes (Aber 
1 Manuscript received 18 August 1993; revised and ac-
cepted 8 December 1993. 
2 Address correspondence and/or reprint requests to this 
author. 
et al. 1989, Johnson and Ball 1990, Skeffington 1990). 
Nitrogen saturation may also be linked to acidification 
of soils and aluminum mobilization into groundwater 
(McNulty et al. 1990). However, a forest system may 
receive high inputs of N and show little or no symp-
toms of saturation if sufficient denitrification, plant 
uptake, or storage ofN in organic matter are occurring 
(Aber et al. 1989). The effects of N saturation on a 
particular ecosystem are dependent on the vegetation 
present, site history, the C:N ratio of the soil organic 
matter, and the nature and extent of external N inputs 
(Brown et aL 1988). 
Riparian forests are in a unique position in the land-
scape since they form a transition between uplands and 
aquatic systems. These ecosystems may be highly sus-
ceptible to N saturation since they may be subject to 
high inputs ofN from upland areas. Riparian wetlands 
potentially act as filters for much of the water draining 
from upland sources and have been found to be im-
portant regulators of water quality in agricultural wa-
tersheds (Lowrance et al. 1984, Peterjohn and Correll 
1984, Jacobs and Gilliam 1985). 
In this study two riparian forests were evaluated for 
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FIG. 1. Site diagram showing enriched and control sites located on eastern (left) and western (right) sides of Sand Hill 
Brook (Rhode Island, USA). Modified from Hanson et al. (1994). Soil drainage classes: MWD =moderately well drained, 
SPD = somewhat poorly drained, PD = poorly drained, VPD = very poorly drained. 
symptoms ofN saturation. These sites were located on 
opposite sides of a stream and had similar soils, veg-
etation and hydrology, but differing upland land use. 
The eastern or "enriched" site was downgradient of a 
dense residential housing development with on-site 
septic systems. The development was built in the 1950s, 
so that the site had been receiving high N03 - loading 
via groundwater for a long period of time. Previous 
research characterized groundwater N03 - loading and 
quantified spatial and temporal patterns of N03 - re-
moval from groundwater and surface soil denitrifica-
tion at this site (Groffman et al. 1992, Simmons et al. 
1992, Hanson et al. 1994). The western or "control" 
site had an undeveloped upland. The sites included 
riparian red maple wetlands with poorly drained and 
very poorly drained soils and upland-wetland transi-
tion zones with moderately well drained and somewhat 
poorly drained soils. 
We measured potential net N mineralization and 
nitrification, soil inorganic N levels, microbial biomass 
carbon (C) and N content, and the N content of litter 
as indicators ofN saturation. Our objectives were (1) 
to evaluate if groundwater N03- loading had induced 
changes in surface soil N -cycle processes that are symp-
toms of N saturation in the enriched site and (2) to 
evaluate these changes in relation to inputs and outputs 
of N to the site. 
METHODS 
Site characterization 
The sites were located within 25 km of Kingston, 
Rhode Island, USA, on the eastern and western sides 
of Sand Hill Brook, a tributary of Narragansett Bay 
(Fig. 1). The sites were forested with oak (Quercus sp.) 
and maple (Acer sp.) dominant in the upland-to-wet-
land transition zones (moderately well drained [MWD] 
and somewhat poorly drained [SPD] soils) and red 
maple (Acer rubrum) dominant in the wetlands (poorly 
drained [PD] and very poorly drained [VPD] soils). 
Soils at both sites were derived from stratified gla-
ciofluvial deposits with variable amounts of alluvial 
material and were coarse-textured inceptisols and en-
tisols (Table 1). Soil drainage classes were delineated 
by a registered soil scientist. The poorly drained and 
very poorly drained soils at each site were classified as 
hydric. The eastern or "enriched" site was directly 
downgradient of a dense unsewered residential devel-
opment that was built in the 1950s. The "control" site 
was located on the western side of the stream, which 
is downhill from an undeveloped forested upland. 
Soil analysis 
Soil samples (0--15 em) were taken from 4 x 8 m 
plots located within each soil type on each of the two 
TABLE 1. Soil (A horizon) properties and groundwater N03 -
concentrations at the enriched and control sites. Data from 
Hanson et al. (1994). 
Ground-
Soil %soil water 
drainage % organic NO,--N 
Site class* sand mattert pHt (mg!L) 
Enriched MWD 99.3 5.9* 3.95* 7.0 SPD 99.3 6.3* 3.90* 2.8 
PD 99.5 8.6* 4.05* 
VPD 91.8 12.5 5.05 1.6 
Control MWD 99.4 3.6 4.74 <0.1 
SPD 99.2 4.9 4.79 
PD 96.9 3.5 4.63 <0.1 
VPD 98.0 3.5 4.97 <0.1 
* MWD =moderately well drained, SPD =somewhat poor-
ly drained, PD = poorly drained, VPD = very poorly drained. 
t Indicates significant difference between enriched and con-
trol site soils (P < 0.05, one-way ANOV A). 
* Enriched and control sites differ significantly for this soil 
type (P < 0.05, one-way ANOV A). 
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sites. Samples were taken weekly or every 2 wk during 
the spring and fall, and monthly during the summer 
for a total of 15 sampling dates between March 1991 
and March 1992. Samples were held at 4°C between 
the time of sampling and analysis. 
Soil moisture was measured gravimetrically. Soil in-
organic N (NH4 + and N03 -) was extracted with a 2 
mol/L KCl solution and quantified with an Alpkem 
RF A 300 Rapid Flow Analyzer (Alpkem Corporation, 
Clackamas, Oregon, USA). Soil moisture and inorganic 
N were quantified on every sample date. 
Microbial biomass C and N content was quantified 
using the chloroform fumigation-incubation method 
(Jenkinson and Powlson 1976). Samples were fumi-
gated to lyse microbial cells, inoculated with fresh soil, 
and incubated for 10 d at 25°C at field moisture con-
tent. Carbon dioxide (C02 ) and inorganic N released 
during the incubation were assumed to be directly pro-
portional to the amount of C and N in the microbial 
biomass of the original sample. A proportionality con-
stant (0.45) was used to calculate biomass C from the 
C02 produced during the incubation. Carbon dioxide 
was measured by gas chromatography (thermal con-
ductivity detector, Porapak Q column), and inorganic 
N was quantified as described above. Microbial bio-
mass C and N content were measured on six sample 
dates between March 1991 and March 1992. 
Potential net N mineralization and nitrification were 
quantified as the accumulation of NH4 + plus N03 -
and N03 - alone during 10-d incubations of unamend-
ed field-moist soils at 25°C. Ammonium and N03 -
were quantified as described above. Potential net N 
mineralization and nitrification were measured on six 
sample dates between March 1991 and March 1992. 
Litter analysis 
Fallen leaves from three vegetation layers (trees, 
shrubs, herbaceous plants) were gathered from each 
soil type on the two sites, for a total of 20 leaves per 
layer. Oak and red maple litter were kept separate. The 
litter was gathered once midway through leaf drop in 
the fall of 1992. All leaves from each site were com-
bined within their separate layers. Samples were oven-
dried, ground to pass a 1-mm mesh screen in a Wiley 
mill, and analyzed for percentage C and N content on 
a Carlo-Erba CNS analyzer. 
Input-output analysis 
Groundwater N03 - loading to the enriched site was 
estimated using hydraulic conductivity values and hy-
drology data from Simmons et al. (1992). Levels of 
N03--N in upland monitoring wells were combined 
with hydraulic conductivity estimates to calculate 
groundwater flux (in cubic metres per year per metre) 
and N03 - -N loading (in grams per year per metre) 
across a 1 m width of interface between the riparian 
zone and the upland (Fig. 2). These calculations were 
based on shallow (1 m) well data and do not account 
Vol. 4, No.4 
for the possibility of groundwater upwelling in the in-
terior of the riparian zone. If upwelling of N03 - -rich 
groundwater occurred, our loading values would be 
underestimates. Our calculation also does not account 
for water bypassing the forest and upwelling directly 
into the stream. This water has no opportunity to in-
teract with the surface riparian ecosystem. 
To identify the fates of the extra N that entered the 
enriched site via groundwater, we calculated how much 
"induced" or "extra" denitrification, inorganic N, soil 
organic N, microbial biomass N, and soil N03 - were 
present in each soil type in a 1 m wide by 31 m long 
by 15 em deep "flow tube" through the riparian zone 
on the enriched site (Fig. 2). The flow tube was re-
stricted to the surface 15 em because we were analyzing 
the effects of groundwater N03 - loading on surface soil 
processes, sampled to a depth of 15 em. These calcu-
lations were made by subtracting levels of these vari-
ables for the control site from the values for the en-
riched site on a soil-by-soil basis. These results were 
then multiplied by the length of each soil drainage class 
within the flow tube and the sum was the total "in-
duced" for the entire 31 m enriched site riparian zone 
(Fig. 2). Denitrification values were taken from Hanson 
et al. (1994). We feel that it is important to subtract 
the "control" values from the enriched values so that 
we do not overestimate the effects ofN enrichment on 
N-cycle processes in the riparian zone. 
Statistical analysis 
Results were analyzed by one-way analysis of vari-
ance, except for soil N03 - data, which were not nor-
mally distributed. These data were analyzed by non-
parametric (Wilcoxon, Kruskal-Wallis) statistical 
comparison tests (SAS 1985). Both overall site as well 
as soil-by-soil comparisons of the enriched and control 
sites were performed. 
RESULTS 
Soil N03 - levels were higher (P < 0.01) on the en-
riched site over all soils and in each soil drainage class 
in a soil-by-soil analysis (Fig. 3). Total inorganic N 
(NH4 + plus N03 -)in soils was higher on the enriched 
site overall (P < 0.01), and in the moderately well 
drained (MWD), somewhat poorly drained (SPD) (P 
< 0.01), and poorly drained (PD) soils (P < 0.10) on 
a soil-by-soil basis (Fig. 4). Potential net N mineral-
ization was higher on the enriched site overall (P < 
0.01) and in MWD and PD soils (P < 0.10) on a soil-
by-soil basis (Fig. 5). Potential net nitrification was 
higher (P < 0.01) on the enriched site over all soils, 
and in the MWD, SPD, and PD soils (P < 0.01) on a 
soil-by-soil basis (Fig. 6). 
Nitrogen concentrations in litter were higher in most 
of the vegetational layers on the enriched site (Fig. 7), 
but the difference was significant in the red maple (P 
< 0.01) and herbaceous layers (P < 0.01) only. Nitro-
gen concentrations in litter from the shrub layer were 
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FIG. 2. Top view of the riparian zone on the enriched site showing hypothetical "flow tube" of I m width x 31 m length 
x 1 5 em depth between the upland edge and the stream. Abbreviations as in Fig. 1. 
1.5 
z 
d,- 1.0 
+-'Cl 
co~ 
.... --
.'!: Cl 
c E 
·c; 0.5 
(f) 
r= ENRICHED 
-CONTROL 
MWD SPD PO VPD 
Soil drainage class 
FIG. 3. Soil N03 - levels over I 5 sampling dates between 
March 1991 and March 1992 in four soil drainage classes in 
enriched and control sites. Values are mean ± 1 SE. Abbre-
viations as in Fig. I. 
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Fro. 4. Soil inorganic N (NH4 + plus N03-) levels over I 5 
sampling dates between March 1991 and March 1992 in four 
soil drainage classes in enriched and control sites. Values are 
mean ± 1 SE. Abbreviations as in Fig. I. 
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FiG. 5. Potential net N mineralization over six sampling 
dates between March 1991 and March 1992 in four soil drain-
age classes in enriched and control sites. Values are mean ± 
1 SE. Abbreviations as in Fig. 1. 
higher (P < 0.05) on the control site than the enriched 
site. 
Microbial biomass C (Fig. 8) and N (Fig. 9) content 
were not significantly different between sites in any soil 
drainage class, although in an overall analysis micro-
bial biomass N was significantly higher (P < 0.05) on 
the enriched site. 
Groundwater N loading to the enriched site was es-
timated as 62.7 glm of soil interface between the up-
land and riparian zone per year (Table 2). Nearly half 
of this input could be accounted for by "extra" or 
"induced" denitrification (enriched site denitrification 
minus control site denitrification). Large amounts of 
extra N were found in soil inorganic and organic N 
pools, while microbial biomass N did not appear to be 
a major sink for extra N. Storage ofN in vegetation is 
not known. Data from Simmons et al. (1992) suggest 
that losses of N in runoff or groundwater throughput 
from the enriched site were small. 
c 
0 
·_.::; 
Ill 
-~ ~-... ~ 
+"I 
·- "0 c . 
zle> 
"lii~ 
ce> 
caE 
·_.::; 
c 
Q) 
.... 
0 
a.. 
1.5 
--
1.0 
0.5 
-r 
1SZ1 ENRICHED 
-CONTROL 
--
,:a: 0. 0 ...1....--li:L-----"'"------'os.::IIE.--.a...I-
MWD SPD PD VPD 
Soil drainage class 
FiG. 6. Potential net nitrification over six sampling dates 
between March 1991 and March 1992 in four soil drainage 
classes in enriched and control sites. Values are mean± 1 SE. 
Abbreviations as in Fig. 1. 
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FIG. 7. Percentage N in litter in different vegetation layers 
in enriched and control sites, September 1992. Values are 
mean± 1 SE. 
DISCUSSION 
The enriched site is clearly showing signs of N sat-
uration. Soil and groundwater N03 - levels and rates 
of potential net N mineralization and nitrification were 
all increased on the enriched site relative to the control 
site. The fact that the surface soils on the enriched site 
showed significantly higher levels of N-cycling pro-
cesses than the soils in the control site was somewhat 
surprising since the N loading to the site was from 
subsurface septic systems. We hypothesize that the 
N03- in groundwater was taken up by plants and in-
corporated into plant tissue. Roots were observed in 
the groundwater in all soil drainage classes on the en-
riched site (Simmons et al. 1992). When litterfall oc-
curred, the litter from the enriched site was higher in 
N than the litter from the control site. This N-rich 
litter decomposed relatively rapidly, stimulating rates 
of mineralization, nitrification, and denitrification (Vi-
tousek et al. 1982, Pastor et al. 1984, Zak et al. 1986). 
These results suggest that the water quality main-
tenance function of these riparian zones depends on a 
FIG. 8. Microbial biomass C content over six sampling 
dates between March 1991 and March 1992 in four soil drain-
age classes in enriched and control sites. Values are mean ± 
1 SE. Abbreviations as in Fig. 1. 
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complex interaction among groundwater, vegetation, 
and surface soil microbial processes (Lowrance 1992, 
Hanson et al. 1994). There is a strong need to quantify 
just how much water and N03- are removed from 
groundwater by riparian forest trees (Dawson and Eh-
leringer 1991) and for tracing the fate of this N03- as 
it moves through the riparian ecosystem. There is also 
a strong need to evaluate mechanisms of subsurface 
N03- removal during the dormant season, when plant 
uptake cannot be invoked as a removal mechanism. 
While comparing one enriched site with one control 
site is not as ideal a test of the effects of enrichment as 
would be a comparison of several enriched vs. several 
non-enriched sites, the comparison here is still useful 
for addressing questions about N enrichment. The study 
was initiated because data from previous studies of 
microbial N cycling in a range of mostly unenriched 
forest sites suggested that the enriched site used here 
had much higher soil N03- concentrations and poten-
tial net N mineralization and nitrification rates than 
similar forest soils (Groffman et al. 1991, 1992, Sim-
mons et al. 1992). The enriched site was clearly outside 
the range of variation ofunenriched forests in our area 
while the control site had levels ofN-cycling variables 
similar to other non-enriched sites that we have stud-
ied. Moreover, we located the control site directly op-
posite to the enriched site to match soils, vegetation, 
climate, and land use history as closely as possible. 
Despite symptoms ofN saturation induced by 30 yr 
of chronic N loading to the enriched site, three lines 
of reasoning suggest that this site is still retaining N. 
First, in the previous groundwater study conducted on 
the enriched site, Simmons et al. (1992) added known 
amounts ofN03 - and conservative tracers to ground-
water entering the riparian zone. They observed > 90% 
removal ofN03- by the poorly drained (PD) and very 
poorly drained (VPD) soils during both growing and 
dormant seasons. Second, in both the Simmons et al. 
--
SPD PO VPD 
Soil drainage class 
Fro. 9. Microbial biomass N content over six sampling 
dates between March 1991 and March 1992 in four soil drain-
age classes in enriched and control sites. Values are mean ± 
1 SE. Abbreviations as in Fig. 1. 
TABLE 2. Excess inputs, outputs, and pools of N in a 1 m 
width of riparian zone from the upland edge to the stream-
side (1m wide x 31m long x 15 em deep). Outputs and 
pool terms are N in the enriched site minus N in the control 
site; inputs are in the top 1 m of groundwater. 
Inputs (g·m- 1 ·yr- 1) 
Groundwater N03 - input* 63 
Outputs (g·m- 1 • [31 m]- 1 ·yr- 1) or (grams per flow tube 
volume per year) 
Denitrificationt 3 7 
Hydrologic exports* small 
Pools* (g·m- 1 • [31 m]- 1) or (grams per flow tube volume) 
Inorganic N 66 
Microbial biomass < 1 
Soil total N 1 77 
Vegetation ? 
*Data from Simmons et al. (1992) used as described in 
Methods: Input-output analysis. 
t Data from Hanson et al. (1994). 
*Data are from this study, used as described in Methods: 
Input-output analysis. 
(1992) study and this study, groundwater N03 - con-
centrations were high in the moderately well drained 
(MWD) soils (2.1-15 mg/L) and were low in the VPD 
soils (0.8-1.5 mg/L), suggesting that N03 - was being 
consumed as groundwater moved through the riparian 
zone. Finally, N03 - concentrations in shallow wells at 
the enriched site were consistently low (P.M. Groffman 
and A. J. Gold, unpublished data). These wells pri-
marily sample water that has percolated through the 
soil profile. Low N03 - concentrations in these wells 
suggest that excess N in surface soils was not leaching 
through the soil profile. These findings indicate that, 
despite long-term loading, the riparian zone on the 
enriched site is still filtering N03 - from through-flow-
ing groundwater before it reaches the stream. 
The input, output, and storage analysis suggests that 
storage of N in soil organic matter and high rates of 
denitrification may moderate N saturation on the en-
riched site. Increases in soil total N were facilitated by 
increases in soil organic matter, which were likely a 
product of increased plant production, which in turn 
may have been a function of nutrient loading (Paul and 
Clark 1989, Malkonen 1990). Much ofthis stored soil 
total N may be in "passive" soil organic matter pools 
that turn over slowly and are not susceptible to hy-
drologic losses (Paul and Clark 1989). Storage ofN in 
woody tissue may be an additional long-term sink for 
N in the enriched site riparian zone (Lowrance et al. 
1984). Denitrification may play a key role in buffering 
N inputs to this site, removing more than half of the 
annual groundwater inputs (Hanson et al. 1994). In-
terestingly, neither microbial biomass C nor N were 
much higher in the soils on the enriched site. This 
suggests that the microbial population was not acting 
as a major storage mechanism for N, but rather was 
serving as a conduit through which N was moving. 
The most dramatic signs of N03 - enrichment were 
756 GAY C. HANSON ET AL. Ecological Applications 
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found in the MWD and somewhat poorly drained (SPD) 
soils on the enriched site. This may be because nitri-
fication, which results in N03 - as its end product, is 
an aerobic process, and these are the drier and hence 
more aerobic soil drainage classes. These soils are also 
physically closest to the upland source of N loading. 
Lowrance (1992) and Haycock and Pinay (1993) ob-
served that the majority of upland-derived N03 - re-
moval occurred in the first 5 m of riparian forests in 
the Southeastern United States coastal plain and in 
Great Britain. These results suggest that soils that are 
transitional between uplands and wetlands (e.g., MWD 
and SPD) may contribute significantly to the water 
quality maintenance value of riparian zones. 
Groundwater nitrate loading may eventually lead to 
major changes in the riparian ecosystem at the enriched 
site. In wetlands where plants are adapted to low nu-
trient availability, higher N availability can lead to 
changes in plant community composition. Kadlec and 
Bevis (1990) studied a wetland in Michigan that had 
been receiving sewage effluent for 25 yr. While this 
wetland was still effectively filtering N from the efflu-
ent, phosphorus (P) was no longer being retained, and 
the plant community had changed from a spruce-sedge-
leatherleaf peatland to a pure stand of cattail, with 
important implications for the habitat function of the 
wetland. Similar changes may occur in the plant com-
munity of the riparian zone of our enriched site. These 
changes may be fostered by the decreases in soil pH 
that have already occurred at this site and may lead to 
a decrease in the water quality maintenance or habitat 
functions at the site. 
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